Received for publication 27 July 1990. This research was funded by the North Carolina Agricultural Research Service, Raleigh, NC 27695-7643. Use of trade names does not imply endorsement of products named nor criticism of similar ones not mentioned. Technical assistance by the staff of the Southeastern Plant Environment Laboratory (Phytotron), N.C. State Univ., Raleigh, is gratefully acknowledged. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. 1 coloration, or the tendency to defoliate following dehydration. Trees typically reach this threshold before they reach the "critical moisture content", where they cannot completely rehydrate when the basal stem is recut and placed in water (Van Wagner, 1963) . Reported values for the damage threshold are -3.0 MPa for eastern white pine (Seiler et al., 1988) , -3.5 MPa for Douglas fir [Pseudotsuga mensiesii (Mirb.) France] (Chastagner, 1986; Montano and Proebsting, 1985) , -4.0 MPa for Fraser fir (Hinesley, 1984) , and -4.0 to -4.9 MPa for eastern redcedar (Juniperus virginiana L.) (Hinesley, 1988) .
Transpiration is a function of the vapor pressure gradient between leaves and external air (Grange and Hand, 1987; Schulze, 1986) . Optimum conditions for postharvest storage of two important Christmas tree species, Fraser fir and eastern white pine, are unknown. In earlier work with Fraser fir (Mitcham-Butler et al., 1988) , high temperatures accelerated drying, but the role of VPD was not separated from that of temperature. Therefore, the objective of this research was to determine the effects of temperature, VPD, and light on postharvest drying of Fraser fir and eastern white pine.
Experiments were carried out in the Southeastern Plant Environment Laboratory, Raleigh, N.C. Plant material consisted of branch tips (secondary and tertiary axes) from the lower crown of 15-year-old, natural-grown Fraser fir and white pines growing at Crossnore, N.C. The fir was in a plantation; the white pine in a windbreak. Each experimental unit consisted of a current-year branch tip (secondary axis) and inserted laterals (tertiary axes), plus a section of 2-year-old internode to serve as a stem. Six vigorous trees (blocks) of each species were selected, and four uniform branches ≈0.5 m long were collected from each tree on each sampling date. Upon severance, branches were immediately stood with bases in tapwater and transported the same day to Raleigh and stored in darkness at 5C. The next day, bases were recut underwater to ensure dehydration. On the 2nd day after collection, branches were weighed, stood individually in glass jars without water, and randomly assigned to controlled-environment chambers. Treatments (Table 1) consisted of three temperatures (10, 17.5, and 25C) in combination with three relative humidities (25%, 60%, and 90%), imposed in darkness. The effect of fluorescent light (photosynthetic photon flux = 250 to 290 µmol·s -1 ·m -2 ) was also evaluated at 60% RH. One trial was conducted for each treatment combination, using branches collected 9 and 27 Nov. 1989, and 2 Jan. 1990. Trees were dormant during this period, and the first two dates were within the harvest season for Christmas trees. A second trial was conducted at 25C, beginning on 22 Feb. 1990 .
ψ was measured with a pressure chamber (PMS Instruments, Corvallis, Ore.), beginning when branches were first placed in chambers. Measurements were repeated after 4 to 6 h, 24 h, 48 h, and often enough thereafter to determine the drying curve for each branch. Fresh weight of each branch was recorded initially and on each occasion when ψ was determined. Measurements continued on Fraser fir until ψ was less than or equal to -4.5 MPa; on white pine until less than or equal to -3.2 MPa. Then each branch was dried to constant weight at 65C and MC (dry-weight basis) calculated.
Each measurement of ψ was carried out on a single needle, which allowed repeated measurements without destroying or significantly reducing the dry weight of branches. Usually, it was necessary to measure only one needle, particularly when branches had a relatively high MC. As branches dried, or if resin interfered, it was sometimes necessary to repeat measurements. Branches were outside the controlled-environment chambers <15 min during measurement.
Relative humidity was monitored continuously and maintained by heating chambers and injecting steam when necessary. Values occasionally fluctuated ± 3% or 4%. The low RH was obtained by circulating air through a chemical drier.
Regression models were developed, using GLM procedures (SAS Institute, 1985) to predict water potential as a function of VPD, temperature, and duration of exposure. The analysis was carried out on a subset of observations representing ≈38% of the full set to eliminate successive observations with identical or similar values. Regressions were also used to determine the relationship between ψ and branch MC, as well as the relationship of VPD to MC at -4.0 MPa and -3.0 MPa for Fraser fir and white pine, respectively.
Drying rates were affected by VPD and temperature (Fig. 1) . Fraser fir dried in darkness at 10C and 90% RH (VPD = 0.1 kPa) required ≈29 days to reach -4.0 MPa, compared to 2 to 3 days at 25C-25% RH (VPD = 2.36 kPa). Drying rates at 25C were faster than those at 10C and 17.5C, which were similar across a range of VPD (Fig. 1) . Regressions to estimate drying time for Fraser fir and white pine to reach -4.0 and -3.0 MPa, respectively, explained 92% of the variation for Fraser fir and 83% for white pine (Fig. 1) . The time required for white pine to reach -3.0 MPa was about the same as that for Fraser fir to reach -4.0 MPa.
Light significantly increased drying rates for both species (Fig. 2) . This effect was most pronounced at 17.5C.
Regression models to predict ψ, as a function of temperature, VPD, and time, explained 79% to 88% of the variation (Table   2 ). Needle ψ for Fraser fir initially averaged -0.55 MPa and decreased very quickly at 25C-25% RH (Fig. 3) . Branches subjected to 25C-90% RH dried to -2.8 MPa in the 1st day, followed by a marked decrease in water loss. Initial ψ for white pine was -0.10 MPa (Fig. 3) . In darkness, branches at 25C dried to -1.8 MPa in 24 h, followed by a noticeable reduction in the rate of water loss at 25% and 90% RH. For both species, drying was much slower at 10C.
MC of Fraser fir after initial hydration averaged 140% and decreased linearly to 75% at -4.0 MPa (Fig. 4) . Initial values for white pine averaged 170% and decreased linearly to -2.2 MPa. Thereafter, the slope was more negative, with MC at -3.0 MPa averaging 90%.
The MC of branches of Fraser fir at -4.0 MPa was a linear function of VPD during drying (Fig. 5) ; branches dried at 25C-25% RH had an average MC of 84% at -4.0 MPa, compared to 74% at 25C-90% RH. No such relationship was evident for white pine at 25C. VPD did not affect the critical MC of Fraser fir or white pine branches dried at 17.5C or 10C.
Stomata respond to vapor pressure gradient, temperature, wind, and light (Lindsay, 1971; Schultze, 1986; Sheriff, 1979; Sowell, 1985) , and close at different levels of stress, depending on species. This sharply reduces transpiration, usually before ψ reaches -2.4 MPa, but sometimes as low as -3.4 MPa (Fetcher, 1976; Hinckley et al., 1982; Lopushinsky, 1969; Puritch, 1973; Running, 1976) . Abies species have weaker stomatal control of transpiration than other conifers (Guehl and Aussenac, 1987; Lopushinsky, 1969; Running, 1976; Zobel, 1974) . Because harvested Christmas trees cannot replenish transpired water, they progressively dry. Stomata eventually close, but transpiration continues, albeit at slower rates (Puritch, 1973) . In this study, the point of stomatal closure for Fraser fir and white pine, based on changes of slope in the water loss curve, was approximately -2.8 MPa and -1.8 MPa, respectively (Fig. 3) .
Our results clearly demonstrate the advantage of storing harvested trees at low temperature and low VPD. Any increase in VPD accelerated drying (Fig. 1) . Raising postharvest temperature from 17.5 to 25C also accelerated drying, especially at low VPD. This difference was confirmed by the second trial at 25C. Even at 90% RH, trees at 25C reached the critical MC in about one-third the time required at 10C. An added advantage of low temperatures is reduced respiration (Blankenship and Hinesiey, 1990) .
The effect of low VPD might not be altogether positive. Increasing RH above 90% at 25C is risky, because a small temperature reduction at high vapor pressure can lead to condensation on plant surfaces, which, in time, can result in molding and massive needle drop. Low temperatures reduce this risk because the air contains less water vapor for any particular RH. In closed storage facilities, owing to transpiration, RH will probably be ≥90% early in storage for trees that occupy a significant volume of the storage space and when refrigeration coil and room temperature differ minimally.
Some trees were consistently unable to regulate water loss, especially at high VPD; others dried much more slowly. We have noted in other experiments that transpiration can vary up to 100% among trees, especially white pine. Other conifers also demonstrate substantial variation in transpiration among individuals (Meinzer, 1982; Newton et al., 1986) .
Because the relationship between MC and ψ at -4.0 MPa for Fraser fir is affected by VPD (Fig. 5) , trees that dry at a low VPD, although requiring more time to reach the critical MC, will have a smaller residual moisture reserve at that point. Although it is not known how this affects dehydration, the possible disadvantage is probably greatly exceeded by the clear advantage of low VPD in slowing drying.
Moisture content decreased rapidly in the hours immediately after harvest. Fraser fir and white pine at 25C-90% RH lost about one-half and one-third of their moisture reserve (quantity of water that can be lost before a tree reaches the critical MC), respectively, in the first 24 h (Figs. 3 and  4) . At 10C-9O%RH, the time required to lose the same quantity of water was 12 and 7 days, respectively. Because trees contain a finite water reserve, they should be harvested when MC is highest, e.g., at night or in the morning. Trees should be transferred to dark or dimly lit storage areas as soon as possible after harvest, or at least shaded in the field after baling. Allowing recently cut trees to lie unbaled in warm, sunny weathereven for half a day-increases heat input (Sowell, 1985) and greatly reduces the stored moisture reserve, which increases the initial level of stress as trees enter the marketing stream.
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